Sex ratios of the American snapping turtle Chelydra serpentina are female-biased at cool temperatures, male-biased at moderate temperatures, and only females are produced at warm temperatures. The laboratory incubation of eggs at several constant temperatures yields patterns of skewed sex ratios. In this study, incubated eggs represented regional samples of C. serpentina from six different latitudes. The sample from the highest latitude yielded malebiased sex ratios across the broadest range of cool temperatures. This male-biased zone and those of the other five samples collectively contributed to a nested arrangement that is approximately symmetrical around a temperature of 24.5
INTRODUCTION
With temperature-dependent sex determination (TSD), thermal conditions under which eggs incubate largely determine the sex of the hatchlings. All crocodilians, many turtles and several lizards have TSD (Ewert, Jackson & Nelson, 1994; Lang & Andrews, 1994; Viets et al., 1994) . Since TSD reptiles do not exert direct control over incubation temperature, climate and weather should strongly influence the sex ratio of the population. Biased sex ratios should lead to Fisherian frequency-dependent selection (Fisher, 1930; Charnov, 1982) . This evolutionary scenario should modify phenotypic expression of TSD toward a 1:1 sex ratio in each local climate. Geographic variation in TSD pattern should thus reflect climate. However, such geographic variation alternatively could largely be a result of selection to survive in different climates, especially when confronted with cool temperatures at high latitudes (Obbard & Brooks, 1981) and hot temperatures at low latitudes (Wilson, 1998) . The extent to which these two selective forces might contribute to shaping geographic variation in TSD responses is largely unexplored (but see Morjan, 2003a) .
Previous work in chelonians on geographic variation in thermal response has examined variation only in the pivotal temperature (T piv ), the temperature that yields a 1:1 ratio of males:females. Mrosovsky (1988) found no evidence of geographic variation in the T piv of Caretta caretta across 6.8
• of latitude. However, C. caretta may be an unusual case as Bowen & Karl (1997) found little evidence of genetic (mtDNA) variation in C. caretta across this same range. Bull, Vogt & McCoy (1982) did find geographic variation in T piv of Graptemys pseudogeographica and of Chrysemys picta across 7.3
• of latitude. found a relationship between T piv and latitude across ∼ 29
• latitude for American snapping turtle Chelydra serpentina. The geographic variation found in these three species seems paradoxical in that the T piv s are higher for the higher latitude, and presumably cooler climates. This might seem to defy both common sense and the expectations from the Fisherian theory of sex ratio evolution.
Our objective was to explore this enigma in the American snapping turtle C. serpentina by asking which features of geographic variation in TSD patterns were more likely to reflect the effects of climate on mortality and which were more likely to reflect Fisherian selection for a balanced sex ratio. In doing so, a more detailed characterization of pattern of thermal response, not just T piv , and a more detailed evaluation of geographic conditions were used. Further, multiple indices of climate were used in combination with an estimated phenology for nesting and development, not just latitude. A measure of the extent to which nests are shaded by vegetation was also used. Leafy herbs, as well as trees, shield nests from direct solar insolation and render them cooler (Vogt & Bull, 1984; Janzen, 1994a) . Thus, female choice of nest site shading might vary geographically to maximize embryonic survival (Schwarzkopf & Brooks, 1987) , with or without changes in TSD pattern.
Three factors from earlier work suggest that C. serpentina is a good subject for this analysis. The distribution of C. serpentina includes most of the eastern two-thirds of the United States and adjacent parts of Canada, a range of ∼ 27
• latitude by 51
• longitude (Gibbons, Novak & Ernst, 1988) . This range encompasses extensive climatic variation, making it more likely that any large-scale trends will not be obscured by local conditions. Additionally, in the U.S.A. and Canada, females produce only one clutch per year (White & Murphy, 1973; Iverson et al., 1997) except in southern Florida, where two or three clutches are typical (Ewert, 2000) . Evidence from reproductive tracts suggests that the transition from one to multiple clutches occurs in northern or central Florida (M. A. Ewert, pers. obs.) . Except in parts of Florida, therefore, each clutch represents the only nest that a female will make in a year. Thus, potential complications that could arise from, say, hormone-induced seasonal shifts in temperature-specific sex ratios (as in Chrysemys picta; Bowden, Ewert & Nelson, 2000) are absent. Finally, published data indicate that there is geographic variation in the nesting and developmental biology of C. serpentina, and invite further study as to their possible relevance to the TSD patterns. These data pertain to differences in nesting date (Ewert, 1976 (Ewert, , 2000 Obbard & Brooks, 1987; Iverson et al., 1997) , solar exposure of the nest (review in Hotaling, 1990 ; also Ewert, 1976; Petokas & Alexander, 1980; Kolbe & Janzen, 2002) , and the rate of embryonic development (Ewert, 1979 (Ewert, , 1985 .
TSD patterns potentially show more geographic variation than has been captured by analyses of T piv s (e.g. as in . A characteristic plot of TSD data shows a series of constant incubation temperature on the horizontal axis and sex ratio on the vertical axis. In most reptiles with TSD, sex ratios within a single TSD pattern vary between all female and all or nearly all male, depending on incubation temperature. In one common pattern in turtles, the cooler range of tolerated temperatures yields only males and the warmer range of temperatures yields only females. A range of intermediate temperatures, often only 1.5-3
• C in breadth, yields both sexes (reviews in Lang & Andrews, 1994) . All turtles with TSD have such a maleto-female transitional range of temperatures (MF TRT). Additionally, some turtles, including C. serpentina, yield mostly to entirely females at the cooler viable temperatures, mostly or entirely males at intermediate temperatures, and only females at the warmer viable temperatures (Yntema, 1976) . Consequently, these species have, in addition to the MF TRT, a cooler female-to-male transition (FM TRT). Each TRT includes an inferred T piv , that yields a 1:1 sex ratio. With two TRTs, there is thus a FM T piv and a warmer MF T piv . Each T piv can vary between families (clutches) within a population (Janzen, 1992; Rhen & Lang, 1998) but is often computed at the population level (Mrosovsky & Pieau, 1991) .
For the purposes of this study, two aspects in addition to the MF T piv were used to characterize TSD patterns in C. serpentina. The 'male-biased zone' is the breadth of the range of temperatures that yields male-biased sex ratios. This zone extends between the FM and MF T piv s. The 'male-biased midrange' temperature is defined as half way between the FM and MF T piv s. Variation was explored in the relationship of these three parameters with latitude, several climatic variables, and nest shading to: (1) identify geographic trends in the TSD patterns of C. serpentina populations from regions representing different latitudes; (2) quantify nest shading and explore its relevance to geographic variation, including the heating of soils across latitudes; (3) seek quantitative associations between published climatic data and the geographic variation in the TSD patterns.
METHODS

Acquisition of eggs
Most eggs were retrieved from recently constructed natural nests and others were obtained by injecting gravid females with oxytocin or from dissections of gravid females. All nest eggs were candled to assess their embryonic developmental stage and to ensure that only embryos that had not reached the thermosensitive period for sex determination (TSP; Yntema, 1979; Mrosovsky & Pieau, 1991) would enter the experiment.
Our collections of snapping turtles and eggs were clustered into 6 'regional focal groups' for analysis. Each group included samples from 1 to 5 counties. From north to south, coordinates used for the geographic centres of these groups were: (1) Minnesota (MN), Clearwater County (47.2 • N, 95.2 • W) (see Rhen & Lang, 1998 • C accuracy) were used in Indiana for most incubation. Most of the eggs from Minnesota and a portion from western Florida, however, developed in specially designed incubators (Lang, Andrews & Whitaker, 1989) in North Dakota. Given that the facilities were used at both locations (IN and ND) to incubate eggs from western Florida, these samples were also used to check that the 2 procedures were consistent.
In readying eggs for incubation, fresh masses (to 0.01 g) of many of them were measured. The eggs were partially buried in moist vermiculite (1:1 water: dry vermiculite by mass; at ∼ − 170 kPa) within plastic boxes (as per Ewert & Nelson, 1991; Rhen & Lang, 1995) . As the eggs developed, placement of the egg boxes was rotated every 2-3 days within the incubators to foster equivalent thermal exposure. Water bottles (∼ 500 ml) were kept adjacent to the egg boxes to serve as wells for monitoring incubator temperature every 1-3 days. Thermometers were used that had been calibrated against NBS traceable standards. In a general way, the eggs were exposed from different regional focal groups to the same conditions in the same incubators. Differences in nesting dates and the long time needed to obtain all the eggs from their different origins, however, precluded the use of a true common garden design with embryos from different locations simultaneously experiencing their TSPs within the same incubators. Temporal replicates were run on most of the 62 temperature × region combinations (Table 1 ) and these replicates were combined in tallying results. Even so, the large number of combinations and the availability of eggs precluded replication of all the combinations. For all incubations, an incubation period was designated as the days from the date of oviposition to the date that each turtle pipped its eggshell (see Ewert, 1985) .
To describe the FM T piv for the Minnesota regional focal group, incubation had to be across the TSP at 19.5
• C, a temperature that becomes lethal if applied indefinitely. Therefore, incubation was initiated at 19.5
• C and this temperature maintained to the end of the TSP, and then the eggs were warmed to 22
• C for the remainder of incubation.
Whether the published critical thermal maximum temperatures for young C. serpentina (i.e. 39.1-41.1
• C; Williamson, Spotila & Standora, 1989) were also relevant to embryos was investigated. A box containing damp fine sand (750 g) was fitted with a thermistor probe and this arrangement maintained at c. 40
• C (39.2-41.2 • C on occasion). Embryos (1-2 eggs from Indiana per run) acclimated to 29
• C were buried in the warmer sand. The probe was inserted into a dummy egg and buried in the same sand. The rise in temperature was then recorded at 5-min intervals. Stage 22 embryos (Yntema, 1968) , which were about midway in incubation time at 29
• C, were used for our most discerning runs.
Sexual diagnoses
For sexual diagnosis, macroscopic gonadal structure was evaluated in young turtles, often after retaining them for 60 days post-hatching. During this period, gonadal differentiation advances slightly (Ewert & Nelson, 1991) . However, macroscopic diagnosis without holding can also yield confident diagnoses for C. serpentina (Yntema, 1976 (Yntema, , 1979 (Yntema, , 1981 Rhen & Lang, 1998) .
Natural nest exposures
The amount of shading was estimated for many nests in the field. A comprehensive search was made for depredated as well as intact nests in proven or likely nesting habitat and in adjacent areas of 4 of the regional focal groups (MN, MI, IN, W-FL). To quantify shading at a nest, southerly direction was first determined. The degree of shading was then roughly evaluated for large herbs, shrubs, or trees that extended directly over the nest or otherwise blocked nests from higher altitudes in the solar arc. Each nest was then given 1 of 3 rankings: open, fully open to one-third shaded; partly shaded, a third to two-thirds shaded within the high arc; shaded, greater than two-thirds shaded. While our evaluation was less quantitative than some current methods (e.g. Kolbe & Janzen, 2002) , it was regarded as sufficient to represent our regional focal groups given the often rapid phenological changes in the herbaceous components of the vegetation that shaded the nests. Shading was ranked over different nests variously from 1990 to 2003.
Phenology and development
In assessing environmental data, 2 levels of possible relevance were addressed. At the broadest level, annual mean data could reflect the generally arid or humid character of the environment, such as whether rainfall is sufficient to foster tree cover and a rich herbaceous cover. For the second, more proximate level, the Julian dates when embryos would be developing through their thermosensitive periods (TSPs) were estimated. From experience (e.g. fresh nest discoveries, reproductive tract and egg maturation data from dissected females, inter-nesting intervals of Florida females) it was known approximately when female C. serpentina at different latitudes would be nesting (Ewert, 1976 (Ewert, , 2000 Baumgardt, 1997) . Annual variation in local climate can delay nesting by as much as 2 weeks (e.g. Iverson et al., 1997) . Thus, the aggregate nesting period across years was estimated as usually being 3 weeks or longer. For peninsular Florida, where each female may lay > 1 clutch, the aggregate period was estimated as ∼ 80 days.
Knowing the time taken to reach certain stages of embryonic development for different temperatures and latitudes (Yntema, 1978; Ewert, 1985, pers. obs.; Baumgardt, 1997) allowed us to further refine our estimates of the dates for the TSPs. For instance, at 25
• C, the TSPs for Minnesota, Indiana, and western Florida commenced at 14, 16, and 21 days of development, respectively, and continued through an additional 20, 26, and 30 days, respectively (∼ stages 13-19 of Yntema, 1968) . For each regional focal group, the aggregate period of TSPs in natural nests is termed the 'estimated period of sex determination' (EPSD). An EPSD encompasses the period from the start of early TSPs in an early year to the end of late TSPs in a late year. Our estimates of the natural period of sex determination, while rough, still narrows the focus to 16-21% of the year. This approach allows comparison of TSD patterns with climatic variables during the approximate period when sex is being determined.
Environmental data
Published environmental data were used to evaluate climatic conditions pertaining to each of our regional focal groups. Most data were taken from monthly site reports (NOAA, U.S. Weather Bureau) and summaries (Perrich, 1992) . Additional data available to us included sky cover at airports (Rudloff, 1981) . Because airports were seldom located near sampling sites for turtles, potential distance effects were compensated for by averaging data from 3 or more of the airports in the surrounding region. Where possible our sets of ambient data (e.g. air temperature, rainfall, sky cover) included mean values for 15 or more years. When available, 30-year means ('normals') were usually used.
The EPSDs represented portions of 2 or 3 months. Given that the data summaries were usually no more precise than monthly averages, the monthly data were allocated as simple fractions of the total period. Thus, the Indiana EPSD became 0.333 × June data + 0.667 × July data. However, normal trends within months indicate that average monthly data will not exactly represent values for the relevant portions of months. For instance, if only the second half of June is relevant to us, the average temperature for this period is probably warmer than the published average temperature for the whole month. Our estimates of climatic factors for high latitude EPSDs will probably tend to err toward being wetter and cooler than the actual values, and our estimates for low latitude EPSDs may err toward being slightly drier than corresponding actual values.
To find out whether soil temperatures exceeded the estimated critical thermal maximum for C. serpentina, published agricultural soil temperature data (NOAA, US Weather Bureau monthly records) were analysed on the assumption that temperatures at these sites would be similar to temperatures in C. serpentina nests that are exposed to most of the solar arc. These data were limited to 10-cm 'standard' depths at sites listed as 'bare ground' (no grass or sod cover). This commonly recorded depth is at the level of the topmost eggs in many nests (Punzo, 1975; Wilhoft, Hotaling & Franks, 1983; Hotaling, 1990; M. A. Ewert, pers. obs.) . Only locations with at least 15 years of annual coverage were chosen.
The focus was on the hottest soil temperatures recorded during different years, as well as on the frequencies of daily soil maximum temperatures ≥ 40
• C and ≥ 37.5
• C, assuming that these choices would indicate lethality and morbidity of exposed local environments. Nearly all of these records fell within June and July of different years. According to laboratory incubation at warm temperatures (29) (30) • C; Ewert, 1985, pers. obs.) , all eggs at latitudes above Florida and most eggs in Florida would not have completed development before the end of July.
Three locations provided contemporaneous data for temperatures 10 cm under a grass or sod-covered surface as well as 10 cm under a bare surface. As expected (Lavelle & Spain, 2001) , July daily maximum temperatures under the bare surfaces averaged 3.1-4.6
• C warmer than under the grass or sod covered surfaces during the 20-25 summers on record.
Statistics
T piv s of individual clutches were estimated by interpolation (Mrosovsky, 1988; Mrosovsky & Pieau, 1991) , and these estimates used in testing for any broad trend in T piv s. Several of the clutch FM T piv s were cooler than the coolest temperature that was regularly used for incubation, but predominantly so for just 1 regional focal group (Minnesota). These 'off scale' T piv s could be associated with others only as being cooler. Hence, Spearman's rank correlation and other rank approaches were used to test whether T piv s varied among the regional focal groups.
Each of our 6 regional focal groups included sex ratio data from several different constant incubation temperatures. Data were weighted from each constant incubation temperature separately by egg and then by clutch. The 2 methods gave similar results. However, given sex ratio heterogeneity among clutches from local sites (Janzen, 1992; Rhen & Lang, 1998) , sex ratios were weighted by clutch for a probit-type (SAS Proc Probit) estimation of T piv s for each regional focal group (Smith, 1987) . In our application of probit, it was found that the Newton-Raphison type algorithm used by SAS accepts decimal data for computation. This maximum likelihood algorithm takes into account more data points than its alternative, interpolation, in estimating T piv s (see Girondot, 1999) . These estimates were used to evaluate some associations with the environmental data. For other comparisons with environmental data, Pearson rank and Spearman rank correlations were used to evaluate the shape and consistency of associations.
RESULTS
Main trend in TSD patterns
The sex ratios within regional focal groups are shown as weighted by individual egg (Table 1) and by clutch (Fig. 1a) . The MF T piv s and FM T piv s (Table 2) vary inversely with each other (interpolated values, r = − 0.828, P = 0.042), which yields a nested relationship among the six regional focal groups (Fig. 1a) . The pattern for Minnesota is broadest and encompasses all of the others; then, the patterns for Indiana and Michigan Table 1 for sample sizes); (b) patterns of sex ratios according to the same data smoothed with probit maximum likelihood. ᮀ, Minnesota; +, Indiana; , Michigan; ᭝, Arkansas-Louisiana; ᭹, western Florida; ᭺, peninsular Florida.
encompass the three patterns for the southern groups. Thus, the three northern groups have both warmer MF T piv s and cooler FM T piv s than the three southern groups. Data smoothing with probit renders the nested relationship even more obvious (Fig. 1b) . Eggs were incubated from western Florida in North Dakota as well as in Indiana (see Methods). In the resultant TSD patterns, the transition from mostly males to all females (including MF T piv s) represents the strongest data for detecting any differences arising from incubation procedure. The MF T piv according to probit fitting weighted by egg is 25.58
• C in North Dakota and 25.71
• C in Indiana. By interpolative fitting weighted by clutch, the MF T piv is 25.66
• C and 25.64
• C, respectively. Values in both the interpolative and probit comparisons are closer than the accuracy of our equipment for thermal sensing.
The probit values for these T piv s at each test location lie within the fiducial limits (2.57 SE, P < 0.05) of the other. At the coolest incubation for western Florida (21.5
• C, Fig. 2 . Distributions of pivotal temperatures of individual clutches of Chelydra serpentina and of the average male-biased midrange temperatures for each of the six regional focal groups in relation to latitude. ᭺, FM T piv s; ᭛, MF T piv s; , male-biased midrange temperatures (as given in Table 2 ). To enhance visual impact points with tied values are enlarged through graphic cellulation. The largest cell represents 17 ties.
gives us confidence that the slight differences in incubation procedure do not distort our regional comparisons.
An assessment was made of the clutch-by-clutch association of T piv s with latitude (Fig. 2) . Many clutches did not have adequate representation to estimate (or rank) FM or MF T piv s. Still, 61 and 90 clutches, respectively, provide data for these T piv s. The Spearman's rank correlation associations of FM and MF T piv s with latitude are ρ = − 0.848 (P < 0.0001) and ρ = + 0.798 (P < 0.0001), respectively. For the FM T piv s, 17 estimates for Minnesota, one estimate for Michigan, and one estimate for Indiana are cooler than the lowest incubation temperature used (i.e. < 21.5
• C). All of these values were set to 21.0
• C for rank order testing. It could not be proven, however, that the true values for Michigan and Indiana were not cooler than for Minnesota. When the two values from Michigan and Indiana were arbitrarily set at < 21
• C, i.e. below any for Minnesota, a strong rank order association persisted (P < 0.0001).
The male-biased zone of temperatures (MF T piv − FM T piv ; Table 2 ) is broadest for Minnesota (∼ 7
• C) and narrowest for Florida (< 3
• C), and varies significantly with latitude (values from interpolative T piv s: r = 0.926, P < 0.01). Male 'midrange' values were calculated as the averaged value of the two T piv s, i.e. (FM T piv + MF T piv )/2. Probit-fitted data give midrange values of 24.4 to 24.9 (Table 2) . Midrange values from interpolated T piv s extend between 24.3 and 25.2
• C (Fig. 2) . Midrange values fall within a narrow span of temperatures (0.9
• C), as compared to either T piv (Table 2) . Variances for the a Heterogeniety amongst the 3 shade × 5 location groups: χ 2 = 262, P < 0.0001. b The reciprocal of mean shading is exposure (see Fig. 3 ). c A site with data on nest shading but not the site of a regional focal group. Ewert, 2000) .
midrange values, FM T piv s, and MF T piv s are respectively, 0.13, 1.36, and 0.72 for interpolative data and 0.04, 1.11, and 1.07 for probit data. Thus, the midrange values are appreciably less variable geographically. Unlike the T piv s, they are not significantly associated with latitude (interpolative values, r = − 0.386, P = 0.45).
Shading of nests
Across 16
• of latitude, the average proportion of shading over nests shifted dramatically from almost none in the north (i.e. high exposure) to c. 90% in the south (Table 3 ; Fig. 3a) . Data on nest shading from a non-focal group area (Tennessee) supports the trend. Additionally, the only two nests located within the Arkansas-Louisiana group, a southern group, were both fully shaded and 38 nests from north-eastern Minnesota, a northern region, averaged c. 9% shading. However, these two groups were excluded from our formal analyses because the data was regarded as less precise than our formal data (Table 3) . Rarely, a high latitude nest had extensive tree canopy shading when understorey vegetation was lacking or artificially low (e.g. on a barren riverbank or a mowed lawn). A low latitude nest was rarely fully exposed.
Nesting phenology
The nesting dates of our regional focal groups increase with latitude (Table 4) . The association among mid-nesting dates is curvilinear and significant (fitted polynomial: Y = 0.25X 2 + 22.3X − 330.0, r = 0.97, P < 0.02, where Y is in Julian days and X is degrees north latitude), with the value for Peninsular Florida most deviant (atypically early). The associations of each first and each last nesting date with latitude follow similar clinal relationships. The relationship between midnesting and mid-EPSD is linear (mid-EPSD = 0.766 midnest + 72.1, r = 0.999, P = 0.0001).
Latitude and embryonic incubation times
Incubation times at both constant temperatures (Table 4) were inversely associated latitude (22.5
• C, r = − 0.976, P < 0.0001; 28
• C, r = − 0.83, P < 0.0001). Although egg size can be a correlate of incubation time (Birchard & Marcellini, 1996) , in the samples at 22.5
• C, egg size (means of 11.3-11.8 g) did not differ among locations and was not significantly associated with latitude (r = − 0.17, P > 0.1). Egg size (means of 11.8-13.7 g) in the samples at 28
• C was significantly heterogeneous (W-FL largest, MN next largest), but not associated with latitude (r = 0.1, P > 0.2). Hence, egg size variation was probably not the cause of the latitudinal variation in these incubation times.
Thermal tolerance of embryos
As probe temperature approached incubator temperature, the rate of increase in temperature slowed greatly. One Table 2 ); (b) record maximum and average annual maximum temperatures at 10-cm depths at standard recording stations; (c) frequencies of summers during which a warm and a hot temperature were reached (or surpassed) at 10-cm depths at standard recording stations. embryo that spent 25 min at 39.7-39.9
• C did not recover, therefore times spent at ≥ 39.7
• C are reported. The exposure (at 39.7-40.8
• C) lethal to 50% of embryos is between 25 and 35 min (n = 12 embryos from five clutches). Two additional embryos exposed to 39.0-39.2
• C for > 90 min survived. Thus, embryonic tolerance has a threshold of < 30 min at 40
• C.
High soil temperatures
Agricultural sites with published data on daily soil temperature, range throughout our project area. However, only 22 sites between 29.5 and 45.5
• N provided consistent and reliable data at 10-cm beneath bare ground. Temperatures never rose to 40
• C at either of two sites north of 42
• N (Fig. 3b) . Daily records also suggest that warm temperatures only spike briefly at such high latitudes, usually with declines below a modest 28
• C within 24 h. Soil temperatures for 13 of 19 sites below 42
• N and 10 of 10 sites below 34
• N exceed 40
• C and rise to 41-48 • C, even if only rarely. The annual average of the highest values for each July exceeds 41
• C at each site below 34
• N (Fig. 3b) . These measures are inversely associated with latitude (average of yearly max Ts for July: r = −0.799, P < 0.0001). The frequency of hot spells in the soils (Fig. 3c) is also inversely associated with latitude (at 40
• C: r = − 0.698, P = 0.0003; at 37.5
• C: r = − 0.780, P < 0.0001). Below 34
• N, temperatures reached 40
• C at six of seven sites during half or more (to 96%) of summers. Temperatures of 37.5
• C, which are not acutely fatal but cannot be sustained for longer than a few days (Yntema, 1978; M. A. Ewert, pers. obs.) , are commonplace at low latitude sites (Fig. 3c) . Thus, temperatures at nest depth in exposed locations at low latitudes become hot often enough to be hazardous relative to an embryonic tolerance threshold of < 30 min at 40
Ambient environmental variables
Here the MF T piv s and the width of male-biased zone are compared with two annual variables (% sunshine, and total rainfall) and with six proximate climatic variables averaged across the estimated periods of sex determination (EPSDs, see Methods). These six factors are average monthly hours of daylight with sunshine, average daily maximum ambient temperatures, average daily minimum temperatures, average daily range in ambient temperatures, average monthly rainfall, and average water balance (equals rainfall minus evaporation). Most of the environmental parameters are significantly associated with latitude (Table 5) . Further, only environmental parameters that are significantly associated with latitude also have either TSD pattern parameter as a significant associate. Given that the TSD patterns are also significantly associated with latitude ( Fig. 4a) , causality behind the environmental by TSD pattern associations (Table 5 , Fig. 4b,c) remains ambiguous. The direction of the associations is important. Rainfall and daily minimum temperatures are greater at lower latitudes; MF T piv s are cooler and male-biased ranges are narrower at lower latitudes. Hours of sunshine and ambient temperature range, both indices of dry air, are greater at higher latitudes; MF T piv s are warmer and male-biased ranges are broader at higher latitudes.
DISCUSSION
General
We propose that selection for embryonic survival indirectly leads to the latitudinal variation in TSD patterns, as shown in Fig. 1 . Embryonic survival requires exposure to warm temperatures during short growing seasons at high latitudes but avoidance of yet higher temperatures at low latitudes, where soils at fully exposed sites often reach debilitating or lethal temperatures. Females at high latitudes adaptively nest in open situations, whereas females at low latitudes adaptively nest in shady situations (Fig. 3a) . Meanwhile, physiological fitness favours the development of males at temperatures generally toward the middle of the fully viable range (Rhen & Lang, 1995 . The male-biased zone (= MF T piv − FM T piv ) expands in breadth from low to high latitudes, but its central value (the male-biased midrange temperature) shows no directional displacement (Fig. 2) . We speculate that selection to balance sex ratios (Fisher, 1930) modifies TSD patterns across the sites. This selection acts to enhance male expression at slightly warmer temperatures in the occasionally quite warm nests at high latitudes and suppresses it at similar temperatures in shady nests at low latitudes, which rarely if ever become so warm. Hence, the MF T piv is higher at high latitudes and lower at low latitudes.
Consistency of TSD patterns
How well do our TSD data compare with other data relevant to geographic variation in thermal response? Published determinations of FM and MF T piv s are available from a site in north-western Illinois (41.9
• N, 90.1 • W; Janzen et al., 1998; O'Steen, 1998; O'Steen & Janzen, 1999) . These estimates of T piv s are compared here with our data on interpolative estimates. For the Illinois site, environmental data was also gathered as for our six original regional focal groups. Data representing this new site fit well with our other original data (Fig. 4) , and statistically strengthen our prior trends without changing any of the decisions in Table 5 .
In a different study aimed at elucidating geographic variation in C. serpentina, Passmore (1996) incubated eggs from two sites in Ontario and two approximately known sites (commercial suppliers) in Iowa and Alabama. That study failed to detect any pattern of geographic variation, although the data did suggest variation among samples. Data for the largest and most northern sample (eastern Ontario, 45.6 • N. FM T piv = 21.9
• C, MF T piv = 27.1
• C; male-biased zone, 5.2 • C; compare with Table 2 ) are roughly compatible with our data for Minnesota and Michigan. Perhaps these data support a slight decline in the MF T piv from west to east at high latitudes, as previously suggested by . Nonetheless, the geographic area (5-7
• in latitude by ∼12
• in longitude) that includes northern Michigan, Indiana, eastern Ontario, and perhaps New Jersey (Hotaling, 1990) shows little variation in MF T piv , but supports a moderately high latitudinal trend overall. The MF T piv of the Alabama sample, the most southern sample in Passmore (1996) , is low (26 • C), which agrees with our regional focal groups at low latitudes.
Male-biased range and its midrange values
In this study it was found that the range of constant temperatures which yields male-biased sex ratios ('malebiased zone' = (MF T piv − FM T piv )) varies from broad at high latitudes to narrow at low latitudes (Fig. 1, Table  2 ). In contrast to this variation, however, the temperatures of the centres of these male-biased zones ('male-biased midrange temperature' = (MF T piv − FM T piv )/2)) show no association with latitude and vary little overall Table 2 ); open symbols, the six original regional focal groups; closed symbols, the site in Illinois (see text). Lines are fitted to six original regional focal groups (see Table 5 for correlation values); seventh site added for comparison. (Table 2) . Perhaps more important, male-biased midrange temperatures are close to the temperatures that give the maximum proportion of males, and differences between the two could be stochastic.
The male-biased midrange temperatures also lie well within the range of constant temperatures that confer viability if sustained throughout development. This viability range extends from 21.1 to 31
• C in C. serpentina from high latitudes (Bobyn & Brooks 1994;  Table 1 ) and at least from 21.5 to 30
• C (Table 1) in C. serpentina from low latitudes. Overall, the nested structure of the several patterns seems slightly shifted toward the cool end of the viability range, such that male-biased midranges centre on 24.5-24.6
• C (Table 2 ) vs 25.7-26
• C as the centre of the viability range. This alignment places a small portion of the broadest male-biased zone below the viability range.
The generally centred locations of the male-biased midrange temperatures within the overall TSD patterns of C. serpentina can be interpreted in terms of the differential fitness hypothesis for the origin and maintenance of TSD. Within this scheme, sexual selection can be much greater among males than among females (Webb & Smith, 1984; Crews, Sakata & Rhen, 1998; Freedberg & Wade, 2004: fig. 1 ). There can be a 'best' temperature for males (Webb & Smith, 1984; reviews in Rhen & Lang, 1995; Shine, 1999) . Here, males gain competitive advantage from the best potential for growth, and perhaps also for best performance. These attributes are conferred within a range of 'safe' temperatures, or perhaps by minimizing exposure to nest temperatures that are sub-lethally warm or cold. For C. serpentina, perhaps the fairest test for posthatching growth potential associates it with embryonic development at 24-26.5
• C (Rhen & Lang, 1995 ; but for alternative evidence also see, O'Steen, 1998; Steyermark & Spotila, 2001) . Note that good temperatures for males may also create arguably fitter females among other females (Tousignant & Crews, 1995) . However, selection within each sex yields males from extreme temperatures that are less fit than females from extreme temperatures (Webb & Smith, 1984; Freedberg & Wade, 2004) .
If, indeed, the thermal physiology of C. serpentina favours high male fitness from a fixed range of temperatures regardless of geographic location, values of the T piv s may then have evolved to counteract tendencies for local nest environments to bias sex ratios. Under this scenario, selection to balance sex ratio would counteract pulses of strongly feminizing temperatures experienced by populations at high latitudes by increasing the temperature threshold for female development, thereby generating a higher MF T piv . Nests at low latitudes, being shaded to hedge against lethally high temperatures, would not experience warm pulses. Lower temperature thresholds leading to a lower MF T piv at lower latitudes would prevent excessively male-biased sex ratios.
Local vs regional sex ratio evolution
Within our regional focal groups, the FM T piv s as well as the MF T piv s of individual clutches varied appreciably (Fig. 2) . Likewise, within local populations, the MF transitions of individual clutches also vary appreciably (Janzen, 1992; Rhen & Lang, 1998) . It is logical to ask whether the two T piv s of individual clutches are codependent. Put differently, might one underlying mechanism affect both T piv s simultaneously? An example mechanism could be hormonal, such as an aromatase regulator (Crews, Fleming et al., 2001 ) that exerts stronger effects in some clutches than in others. A phenotypic response might then be variation in the width of the male-biased zone.
A positive association between the sex ratios of clutches at temperatures within the FM and MF transitions would suggest variation in the width of the male-biased zone centred on a single midrange temperature. Such a population of clutches would display a TSD pattern with a 'broad hump,' with male-biased sex ratios extending to cooler and warmer temperatures than on average (see Fig. 1 ). Alternatively, if sex ratios near the FM and MF transitions show an inverse association, the male-biased zone might retain a constant width but shift along the temperature scale.
Sex ratios were compared within the FM and MF transitions (at 21.5 and 28.0
• C, respectively) for 17 clutches from the Minnesota regional focal group and no significant association was detected (r = + 0.05, P = 0.86, arcsine transformed data). Thus, codependence of the two T piv s seems unlikely in this population. In contrast, data made available to us (F. J. Janzen, pers. comm.) from the aforementioned Illinois site (data from 21.5 and 27.5
• C, within FM and MF transitions, respectively) were positively associated (r = + 0.547, P = 0.0014, arcsine transformed data, n = 30 clutches). Thus, the Illinois data are compatible with the view that a single mechanism affects the FM and MF T piv s simultaneously. The malebiased midrange temperature for this population is 24.5
• C, which is in close agreement with the six values estimated for our regional focal groups (Table 2) .
For the regional focal groups, the FM and MF T piv s vary inversely with each other (interpolative values: r = − 0.82, P = 0.044; probit values: r = − 0.90, P = 0.014). If the within-group associations are compared for Illinois and Minnesota with this broader among-group association, the Illinois association is similar as if local variation reflects broader geographic variation. The Minnesota association is not supportive. This sharp contrast in local variation is perplexing.
An alternative mechanism might alter TSD patterns by shifting both T piv s up or down the temperature scale without appreciably changing the width of the male-biased zone. Our data provide no evidence for such a mechanism in C. serpentina. Nonetheless, at higher taxonomic levels, male-biased midrange temperatures (used to index T piv s) suggest this form of plasticity among some turtles. Malebiased midrange temperatures extend across at least 5.5
• C (e.g. Sternotherus minor and S. odoratus both at 25.5
• C and Pelomedusa subrufa at 31.0
• C; Ewert & Nelson, 1991; M. A. Ewert, pers. obs.) , as opposed to < 1
• C within C. serpentina. Thus, while this macroevolutionary trend may exist in turtles, evolution amongst C. serpentina populations seems not to have achieved this interspecific level of plasticity.
Constant vs fluctuating temperatures
Do sex ratios determined at constant temperatures reflect nature, given that nests have variable temperatures? In a relevant experiment, Lott (1998) applied laboratory simulations of fluctuating temperatures (cycles between 19
• C and 31
• C) to eggs from C. serpentina populations from different latitudes (Minnesota highest, Louisiana lowest). Lott also kept samples at constant 25
• C. Relative to Minnesota, the Louisiana samples yielded lower proportions of males in both fluctuating and constant temperature treatments. Lott's results suggest that the latitudinal trend persists at variable temperatures, and therefore in natural nests.
The apparent or 'functional' thermal range that influences sex determination in natural nests may not, however, represent the full TSD patterns as defined by laboratory data. The laboratory pattern shows cool females, warmer males and still warmer females. Thus, there are FM and MF transitions in the laboratory. Are both of these transitions expressed in the field? Field data (Wilhoft et al., 1983; Hotaling, 1990) suggest that the functional thermal range often expresses the MF transition and only rarely expresses the FM transition. This evidence arises from vertical distributions of sex ratios within nests, which extend 1-22 cm down in the soil. The upper layers, where nest temperatures get warmest, have tended to show more female-biased sex ratios than deeper down (Wilhoft et al., 1983) . However, in two of 69 nests with stratified sex ratios, the female bias at the bottom of the nest was greater than just above. Only these two nests suggest that cool females had developed in nature (Hotaling, 1990) . This apparent paucity of cool females suggests that the FM transition (and the FM T piv ) may have little relevance in explaining the adaptive value of the geographic variation. In another field study, records of nest temperatures (Kolbe & Janzen, 2002) showed that the coolest nest among 10 nests had a strongly male-biased sex ratio. Given these indications, comparing the FM T piv (per se vs the malebiased midrange) and environmental correlates has been avoided here because the outcome could invite spurious interpretations.
Nest site selection
Geographic differences in the shading over nests are among the most striking types of variation found in our study; site mean exposures range from nearly fully open for nests at high latitudes to nearly fully shaded for nests at low latitudes (Table 2, Fig. 3c ). Although the full amounts of shaded vs open shoreline that could be used for nesting (>15 km each in MI, IN, W-FL) was not quantified, the choice of nest sites by females rather than the relative abundance of shading seems to be responsible for this variation. All of our localities for nest site data included potential choices of somewhat more shaded than open areas adjacent to water. Two widely separated sites (Michigan, western Florida; Table 3 ) were similar in several ways, despite the extremes in nest site selection. Potential habitat for nesting at both sites was primarily along riverbanks that had small open sandy areas (10-20% of shoreline) interspersed between much larger forested areas (> 70% of shoreline; M. A. Ewert & J. H. Harding, pers. obs.) .
The published data on soil temperature (Fig. 3) covered much of the same geographic region as our study. Temperatures at low latitude sites frequently entered thermal ranges capable of morbidity and also approached and sometimes exceeded the acute heating tolerance of embryos that was measured in our study. From a comparison of geographic trends in nest site selection with published soil temperatures (for exposed locations), we hypothesize that C. serpentina from low latitudes are adapted to select shaded nest sites to avoid overheating their embryos. This argument has experimental support from a turtle species in Florida (Wilson, 1998) , but one with shallower nests than those made by C. serpentina. At high latitudes, in contrast, the growing season is relatively short and nest failure owing to thermal insufficiency for development (Obbard & Brooks, 1981; Baumgardt, 1997) probably exceeds that from overheating. With a reduced threat from lethally high temperatures, nesting C. serpentina are less constrained against selecting fully exposed nest sites.
It may be that selection has shortened incubation periods at high latitudes (Table 4) through hastening embryogenesis (Ewert, 1985) . Previously (Ewert, 1979 (Ewert, , 1985 , it was not determined whether egg size, which has a direct relationship with incubation time (Birchard & Marcellini, 1996) , might also associate with latitude and thereby explain the shorter incubation times. However, it has now been determined that egg size per se is unlikely as a factor. Thus, selection for nesting in climates at high latitudes may be strong enough to affect both embryogenesis and the selection for warm nest sites by females.
Fully exposed nests experience the greatest daily thermal variance. Daily maximums are higher than in shaded nests and daily minimums can be lower (Bull, 1985; de Souza & Vogt, 1995; and suggested in Kolbe & Janzen, 2002: table 5 ). For our study, a small amount of data on nest temperature was available from fully exposed nests at our highest latitude location (recorded with miniature data loggers at 10-15 cm depths in six nests; J. W. Lang, pers. obs.). The temperatures varied from 11.3 to 35.7
• C. This range lies well below the lethal level of ∼ 40
• C. The highest temperatures occurred only as spikes of 2 h > 33
• C, which embryos can tolerate (M. A. Ewert, pers. obs.). Many spikes, however, did exceed 30
• C, which should have sufficed to feminize embryos despite other, cooler temperatures. That is, warm temperatures can have exaggerated sex-determining potencies, partly as a reflection of developmental rate (Georges, 1989; Bull, Wibbels & Crews, 1990; Georges, Limpus & Stoutjesdijk, 1994) . For C. serpentina, a temperature as low as 30
• C is quite potent at feminizing embryos in a population at a moderately high latitude (New Jersey; Wilhoft et al., 1983) . Do temperatures in shaded low latitude nests remain cooler than the high temperature peaks in exposed high latitude nests? Daily maximum temperatures at shaded sites probably vary more gradually and cycle closer to average ambient temperatures (Geiger, 1965; Morecroft, Taylor & Oliver, 1998) . It is presumed that shaded sites at low latitudes are warm enough to sustain development. Proof is lacking for C. serpentina nests, but this outcome has been verified in deeply shaded nests of Macrochelys temminckii (syntopic with C. serpentina in the western Florida regional focal group), a species that requires slightly warmer incubation temperatures . Whether temperatures in nests at low latitudes seldom exceed the low latitude T piv of ∼ 26
• C is not known. However, referring to the deeper nests of M. temminckii, temperatures in 10 of 25 shaded nests did not exceed 27
• C at any time during development (M. A. Ewert & D. R. Jackson, 1994, pers. obs.) .
Nesting phenology
The association between latitude and nesting dates (Table 4 ) has a significantly clinal relationship. Thus, February is warm enough in southern Peninsular Florida (waters regularly ≥ 20
• C; see Obbard & Brooks, 1987) , and April to early May is warm enough in central and northern Florida. During February in northern Michigan and Minnesota, lentic waters are always covered with ice, which sometimes persists until early May. At these high latitudes, females have not yet ovulated (White & Murphy, 1973; Cyrus, Mahmoud & Klicka, 1978) , and nesting substrate remains frozen or otherwise too cold for development.
We follow Obbard & Brooks (1987) in suspecting that females become ready to nest after ambient waters have been sufficiently warm for long enough to enable oviductal eggs to become ready for oviposition. Deciduous trees that have full-sized leaves by the start of nesting at the various latitudes have been observed many times. This probably enables nesting females to evaluate shading.
Nesting females have been observed in the regional focal groups of Minnesota, northern Michigan, Indiana, and western Florida. In western Florida, females were found nesting almost exclusively between mid-and late morning (≥ 11: 00 EDT, 10 of 11 instances; the 11th began nesting a little earlier, M. A. Ewert, pers. obs.) and only during clear weather. By this late in the morning, turtles of any kind were seldom found nesting in sunlit open locations, apparently because these places become too hot. Females in Minnesota and northern Michigan were usually found nesting during the early morning or the late evening during warm, often humid weather (25 of 25 instances; M. A. Ewert, pers. obs.). Nesting was not observed in the late morning at high latitudes. However, females have been found nesting on land in full darkness between 23:30 and 04:00 CDT (five instances) in Minnesota. These times are generally compatible with other observations on nesting at high latitudes (review in Iverson et al., 1997) . Turtles at high latitudes may avoid nesting in the late morning because they seek open ground and could overheat in the sun. Otherwise, the need to nest at the earliest opportunity (as a consequence of the critically short season) may lead to broadening the hours for nesting across all low sun hours and much of the night. Given that females at low latitudes select shade, they should not overheat while nesting. By choosing diurnal hours for nesting at low latitudes, females may more easily discriminate levels of shading. Females have been observed crossing open ground, presumably in their search for shaded sites.
Ambient weather variables
All of the weather variables that are significantly associated with TSD pattern features are also significantly associated with latitude (Table 5 ). This association with latitude allows that any of several climate variables or a combination thereof may influence TSD pattern. It can only be speculated on how the associations with our chosen weather variables might pertain to our hypothesis for nest site selection.
A high incidence of monthly sunshine at high latitudes while the eggs are developing is compatible with a greater capacity to produce warm nests at high latitudes, despite lower solar altitudes. Sunny weather would be especially effective in promoting warming on exposed sandbars and sandy blowouts with a southern slope aspect (Brady & Weil, 2000) . In part, the hours of sunshine are long at high latitudes because the day length is also longer than at low latitudes during June and July, when the eggs are developing. In turn, annual % sunshine (Table 5) would not be expected to be relevant because this variable is strongly affected by climate during the 60-75% of the year when the eggs are not developing. Daily temperature range is indicative of low atmospheric humidity, and hence, extensive sunshine (Geerts, 2003) . The association with TSD pattern features is positive, as with monthly sunshine.
Total annual rainfall is interpreted as an index of vegetation. Warm climates at low latitudes require appreciable rainfall, more rainfall than needed by cool climates, to sustain the same level of lushness (Holdridge, 1967) . It was noticed that lush broad-leaved deciduous vegetation contributed to shading C. serpentina nests at low and middle latitudes. The relatively weak associations of TSD pattern features with rainfall during development (EPSD correlations, Table 5 ) seem to diminish the likelihood that the main influence of rainfall is to cool nests directly, as with some sea turtles (Godfrey, Baretto & Mrosovsky, 1996) . Rather, the alternative, that rainfall supports lush vegetation, seems favoured.
Official weather recordings of ambient temperatures occur within a standard type of equipment housing, regardless of latitude. Thus, this procedure cannot adjust for temperatures in shady nests at low latitudes vs exposed nests at high latitudes. Nevertheless, the inverse association of TSD variables with published daily minimum temperatures may indicate that shaded sites are warm enough to sustain development at low latitudes. No method was available to adjust the weather records for differences in nest shading.
Geographic variation and climate change
There is speculation that TSD reptiles could be vulnerable to global climate change (Ferguson & Joanen, 1983) , such as global warming (Janzen, 1994b; Morjan, 2003b) . What renders TSD species (but not genotypic sex determined (GSD) species) uniquely vulnerable to climate change is one-way skewing of sex ratios (Morjan, 2003b) . Based mostly on studies of painted turtles Chrysemys picta, three life-history components have been postulated to have a low genetic capacity to respond evolutionarily to climate change. These are nesting phenology, nest site fidelity of females, and local T piv s (Janzen, 1994b; Morjan, 2003b) .
For C. serpentina, these components do not seem to be limiting, at least in terms of expressed phenotypic plasticity. Phenology of nesting is highly variable geographically (Table 4 ). There is also good evidence for local seasonal adjustment (Congdon et al., 1987; Iverson et al., 1997) and a logical correlate (heat accumulation; Congdon et al., 1987; Obbard & Brooks, 1987 ) that could apply across latitudes. Individual nesting females at midstudy latitudes use fully open ('warm') as well as quite shaded ('cool') sites (Table 3) . Additionally, response to local habitat structure affects average nest temperatures in local patches of nesting habitat (Kolbe & Janzen, 2002) . The breadth of this plasticity, such as its response to ecological succession, remains incompletely explored. Lastly, clutch T piv s, both locally and geographically, are quite diverse (Fig. 2) .
Our study has shown that there is a small but significant 'counter intuitive' geographic trend in T piv s and has developed an adaptationist argument as to why. Our underlying thesis is that in the American snapping turtle, selection for high nest survival dominates nest site selection (see also, Schwarzkopf & Brooks, 1987) and that sex ratio adjustment is secondary. If so, the survival needs of TSD species may depart relatively little from those of GSD species. grants to JWL (no reference numbers available). The Lake Itasca Biology Program of the University of Minnesota provided logistic support for egg collection in Minnesota. The Carnegie Museum of Natural History (Pittsburgh) and Maxine Watson (Indiana University) loaned us incubators to facilitate egg incubation. The authors conducted the research in compliance with the relevant state permits for collecting wildlife and with the institutional requirements for the ethical treatment of animals.
